The regeneration of intestinal epithelial are maintained by continuous differentiation and proliferation of intestinal stem cells (ISCs) under physiological and pathological conditions. However, little is known about the regulatory effect of intestinal microbiota on its recovery ability to repair damaged mucosal barrier. In this study, we established intestinal organoids and lamina propria lymphocytes (LPLs) co-cultured system, plus mice experiments, to explore the protective effect of Lactobacillus reuteri D8 on integrity of intestinal mucosa. We found that only live L. reuteri D8 was effective in protecting the morphology of intestinal organoids and normal proliferation of epithelial stained with EdU under TNF-α treatment, which was also further verified in mice experiments. L. reuteri D8 colonized in the intestinal mucosa and ameliorated intestinal mucosa damage caused by DSS treatment, including improvement of body weight, colon length, pathological change, and proliferation level. The repair process stimulated by L. reuteri D8 was also accompanied with increased numbers of Lgr5 + and lysozyme + cells both in intestinal organoids and mice intestine. Furthermore, we demonstrated that D8 metabolite indole-3-aldehyde stimulated LPLs to secret IL-22 through aryl hydrocarbon receptor (AhR) and then induced phosphorylation of STAT3 to accelerate proliferation of intestinal epithelial, thus recovering damaged intestinal mucosa. Our findings indicate L. reuteri protects intestinal barrier and activates intestinal epithelial proliferation, which sheds light on treatment approaches for intestinal inflammation based on ISCs with probiotics Lactobacillus and daily probiotic consumption in heath foods.
Introduction
Integrity of the intestinal mucosa barrier is necessary to guarantee nutrients absorption, defend enteric pathogen invasion, and maintain mucosal immunity [1, 2] . The intestine is composed of a columnar epithelial mucosa with glandular invaginations called crypts. Intestinal stem cells (ISCs), located at the base of intestinal crypts, play a central role in governing proliferation and differentiation of the intestinal epithelium [3, 4] . Integrity of the intestinal mucosa is also important for recovery from inflammatory bowel disease (IBD) [5, 6] . Although the precise etiology of IBD remains unclear and controversial, the intestinal microbiota and integrity of mucosal epithelial function have been demonstrated to play key roles in its pathogenesis [7] [8] [9] . Although our understanding of the host pathways that regulate ISCs function is progressing, the effects of exogenous factors on ISCs biology remain poorly understood. Moreover, unlike other stem cells, ISCs co-exist with the Edited by D. Aberdam. intestinal microbiota, which may influence regeneration of the epithelium [10, 11] .
Yogurt is consumed as a daily health food for its beneficial effects on regulating intestinal microbiota and modulating mucosal immunity [12] [13] [14] . Probiotic Lactobacillus strains are the main component of yogurt and are important components of intestinal microbiota; they produce antimicrobial agents and metabolic compounds that suppress the growth of other microorganisms and compete with other intestinal microbes for receptors and binding sites on intestinal mucosa [15, 16] . The interactions between Lactobacillus and intestinal mucosa, including intestinal epithelial cells, have been studied for decades [17, 18] . Lactobacillus can also enhance the integrity of intestinal barrier and decrease disease phenotypes such as gastrointestinal infections and IBD [19] [20] [21] . However, the effects of Lactobacillus on ISCs remain unclear, which is attributed to the lack of a suitable in vitro model. Lgr5 was recently identified as an ISCs marker that predominantly labels ISCs at the base of intestinal crypt [22] . Intestinal organoids containing all types of epithelial cells were first cultured in vitro and have been widely used for ISCs studies [23, 24] . Wang et al. [25] recently established culture conditions for a highly homogeneous population of ISCs. However, currently published models of intestinal organoid systems still lack enteric immune cells, which closely interact with ISCs in the crypt for communication [26] . Moreover, the mucosa immune and intestinal microbiota certainly play key roles in mucosal homeostasis and protecting against pathogens, infectious diseases, and inflammatory diseases [27, 28] . Group 3 innate lymphoid cells (ILC3s) can activate ISCs to regenerate via secretion of IL-22 and maintain intestinal epithelium [29] .
The mechanism by which Lactobacillus in yogurt maintains the integrity of intestinal mucosa, especially its regulation of ISCs, remains unknown. In this study, we established a co-cultured system of mouse intestinal organoids with lamina propria lymphocytes (LPLs) from small intestine to verify the protective effect of Lactobacillus on intestinal epithelia. We hypothesized that Lactobacillus could stimulate the regeneration of ISCs to repair intestinal damage. The aim of this study was to explore the stimulatory effect of Lactobacillus reuteri D8 on LPLs and its effects on IL-22 secretion and ISCs regeneration, which could help further explain the protective effect of Lactobacillus on intestinal epithelia via the promotion of ISCs.
Results

Building a co-cultured system with intestinal organoids and LPLs
A co-cultured system consisting of intestinal organoids and LPLs was established in our study (Fig. 1a) . Intestinal organoid were isolated from small intestine and cultured in Matrigel. LPLs were successfully isolated from small intestine and stained with Fixable Viability Dye efluor 660 to detect the viability with FACS. The survival ration of CD45
+ LPLs maintained at a relative stable level within three days (Sup. Fig. 1a) Fig. 1b ).
The co-cultured system was established with LPLs and intestinal organoids in Matrigel at a 7:1 ratio. Complete medium containing advanced DMEM/F12, 2 mM Glutamax, 10 mM HEPES, B27 supplement, N2 supplement, 50 ng/ml mouse EGF, 100 ng/ml mouse Noggin, and 250 ng/ ml R-spondin 1 were added to the co-cultured system. The media were replaced every 2-3 days. We observed Fig. 1 Building a co-cultured model with intestinal organoids and LPLs. a The co-culture model of LPLs and organoids. b Organoids cultured with LPLs were observed with a light microscope. Scale bar, 100 μm. c The growth status change of organoids from 1 to 6 days was observed with a light microscope. Scale bar, 50 μm intestinal organoids and LPLs growing in the wells (Fig. 1b) . The organoids began to bud on the third day (Fig. 1c) .
LPLs significantly increased the number of surface area (Sup. Fig. 1c ) and 5-Ethynyl-2′-deoxyuridine (EdU)-positive cells (Sup. Fig. 1d ), as well as mRNA expression levels of ISC marker (Lgr5) and Paneth cell marker (Lyz1) compared to the organoids alone group (Sup. Fig. 1e) . However, the number of organoids was not affected by the treatment of LPLs. 4 CFU per well); n = 50 organoids per group (day 3); total organoids number and budding organoids percentage of total organoids per well (day 3); n = 6 wells per group. Scale bars, 200 μm. b Organoids were treated with TNF-α (60 ng/ml) overnight, and the morphology of the organoids was observed with a light microscope. The number of total organoids and relative number of organoids with altered morphology per well were counted; n = 50 organoids per group. Scale bars, 200 μm. c Organoids were treated with TNF-α (60 ng/ml) overnight with/without D8 and HK-D8 (1 × 10 4 CFU per well). The number of total organoids and relative number of organoids with altered morphology per well were counted; n = 60 organoids per group. Scale bars, 200 μm. d Organoids were stained with EdU (red). Nuclei are stained blue. EdU-positive cells were found in the transit-amplifying region with obvious differences in the percentages among the four samples; n = 30 (control), n = 35 (D8), n = 28 (TNF-α), n = 33 (D8 + TNF-α) organoids per group. Scale bar, 50 μm. Data are the mean ± SD; comparisons performed with t-tests (two groups) or analysis of variance (ANOVA) (multiple groups). *P < 0.05, **P < 0.01, ***P < 0.001. Data combined from at least three independent experiments unless otherwise stated D8 increases growth of intestinal organoids and recovery after TNF-α damage
The co-cultured model containing intestinal organoids and LPLs was used to examine whether L. reuteri D8 or heat-killed D8 (HK-D8) could increase the growth of intestinal organoids or recovery of intestinal organoids after damage caused by TNF-α. The intestinal organoids grew well after co-cultured with L. reuteri D8 or HK-D8 for 24 h, exhibiting clear budding crypts. The surface areas and number of budding organoids co-cultured with L. reuteri D8 were significantly increased compared to the control and HK-D8 group (Fig. 2a) . The number of disrupted organoids was significantly increased among organoids exposed to murine TNF-α (60 ng/ml) (Fig. 2b ). Organoids will bud and differentiate into crypt and villi (Sup. Fig. 2a ). However, damaged organoids became shrink and black, as well as buds lost (Sup. Fig. 2b ).
However, L. reuteri D8 significantly ameliorated the damage to intestinal organoids caused by TNF-α (Fig. 2c) . However, HK-D8 had no protective effect on intestinal organoids (Fig. 2c) . The damage caused by TNF-α, and the recovery induced by D8 were time dependent (Sup. Fig. 2c) .
The protective effects of L. reuteri D8 on intestinal organoids were also consistent with the proliferation status of the intestinal organoids after treatment with D8. TNF-α induced damage to the morphology of intestinal organoids with few EdU-positive cells in the crypt (Fig. 2d) . However, D8 significantly increased the number of EdUpositive cells, thus explaining the enhanced surface area and number of budding organoids. Moreover, D8 also maintained more EdU-positive cells in the crypt damaged by TNF-α, thus accelerating the recovery process. However, HK-D8 didn't show stimulatory effect on epithelial proliferation. , the number of D8 in mice feces at indicated time points were detected by MRS plates containing tetracycline (500 μg/ml). D8 labelled with Dylight 488 (10 8 CFU) was also administrated to mouse for 16 h, the distribution of D8 in intestine was detected by confocal microscope. D8 (green), DAPI (blue). b Changes in body weight were monitored daily starting form 21 day and presented relative to the initial body weight; n = 12 per group. c The colon lengths of mice treated with PBS, DSS, D8, or D8 + DSS. Treatment with DSS significantly reduced the colon length compared to the control group. D8 decreased the degree if reduction in colon length caused by DSS treatment. Scale bars, 200 μm. d Photomicrographs of the colons of mice treated with PBS, D8, DSS or DSS + D8. Note that treatment with D8 ameliorated DSS-induced colitis. Scale bars, 200 μm. e Confocal images (PCNA staining, red; and DAPI staining, blue) of colon of mice treated with PBS, D8, DSS or DSS + D8. The number of PCNA positive cells in each crypt was detected. Scale bars, 200 μm f Photomicrographs (×200) of mice treated with PBS, D8, DSS or DSS + D8. Administration of D8 decreased DSS-induced intestinal morphometric changes in mice. Segments of the jejunum were processed to measure the height of the villus and the crypt depth. Scale bars, 200 μm. g Confocal images (PCNA staining, red; and DAPI staining, blue) of jejunum of mice treated with PBS, D8, DSS or DSS + D8. The number of PCNA positive cells in each crypt was detected. Scale bars, 200 μm. h Administration of D8 reversed the increased levels of TNF-α and IL-1β in DSS-induced colitis. Note the increased levels of TNF-α and IL-1β due to exposure to DSS. Treatment with D8 decreased the levels of TNF-α and IL-1β; n = 6 per group. Data are the mean ± SD. The comparisons were performed with t-tests (two groups) or analysis of variance (ANOVA) (multiple groups). *P < 0.05, **P < 0.01, ***P < 0.001. Data combined from at least three independent experiments unless otherwise stated To further verify the effect of LPLs on the stimulation of organoid growth, organoids were cultured with D8 alone or in combination with LPLs. We found that L. reuteri D8 alone did not significantly increase the surface area of organoids (Sup. Fig. 3a, 3b ).
D8 accelerates gut growth and ameliorates dextran sulfate sodium (DSS)-induced colitis in mice
After orally administrated with BacLight™ Green labelled L. reuteri D8, the colonization of fluorescence Lactobacillus was observed on the intestinal surfaces of jejunum and colon, which offered opportunities for D8 to contact with intestinal epithelium (Fig. 3a) . Moreover, we collected the feces of the mice administrated with D8 and detected tetracycline-resistant Lactobacillus in MRS plate containing tetracycline. We found Lactobacillus reached 10 6 CFU/g in feces at 16 h and then reduced to a stable level during the experiment periods. Combined with the fluorescence results, it will be more convincible that L. reuteri D8 could colonize at the intestinal lumen and contact with the intestinal mucosa (Fig. 3a) .
To confirm the effect of D8 on accelerating intestinal growth and ameliorating intestinal inflammation, C57BL/6 mice were orally administered D8. Non-treated and D8-treated mice continuously gained weight, while DSS-treated mice began to lose weight after 3 days of DSS treatment. However, D8 greatly decelerated the weight loss (Fig. 3b) . DSS treatment significantly reduced the colon length compared to the control group, while D8 minimized this reduction in colon length induced by DSS treatment (Fig. 3c) . Histological examination revealed more extensive (10 4 CFU per well) and treated with/without TNF-α. n = 3 wells per group. c and f RT-qPCR was used to determine the relative mRNA expression of ISCs (Lgr5, Ascl2, and Olfm4) and Paneth cells (Lyz1 and Defa6) in organoids cultured with/without D8 and treated with/without TNF-α. n = 6 wells per group. d Confocal images (Lgr5 staining, red; and DAPI staining, blue) of the jejunum with different treatments. The number of Lgr5-positive cells in each crypt were detected (circled by dotted line). Scale bar, 100 μm. e Confocal images (lysozyme staining, green; and DAPI staining, blue) of organoids cultured with/without D8 (10 4 CFU per well) and treated with/without TNF-α (60 ng/ml). The number of lysozyme-positive cells in each crypt were detected; n = 50 organoids per group. Scale bar, 10 μm. g Confocal images (lysozyme staining, green; and DAPI staining, blue) of the jejunum with different treatments. The number of lysozyme-positive cells in each crypt were detected (circled by dotted line). Scale bar, 100 μm. Data are the mean ± SD. The comparisons were performed with t-tests (two groups) or analysis of variance (ANOVA) (multiple groups). *P < 0.05, **P < 0.01, ***P < 0.001. Data combined from at least three independent experiments unless otherwise stated bowel edema and dense infiltration of the superficial layers of the mucosa in colonic tissues, as well as pathological bleeding in the colonic lumen and muscular layer in the DSS group (Fig. 3d) . The pathological changes caused by DSS were ameliorated in the D8 group, which exhibited generally normal colonic structure and no bleeding. Similar pathological damage was also detected in the jejunum, which had a reduced villus height. D8-treated mice showed longer villus and greater depth than untreated mice. Moreover, D8 ameliorated the intestinal structure damage, with markedly increased villus height and crypt depth compared to the DSS group (Fig. 3f) .
The protective effect of D8 on intestine was also consistent with the proliferation status of the intestinal epithelial after treatment with D8. DSS-induced damage to the morphology of jejunum and colon with few proliferating cell nuclear antigen (PCNA)-positive cells. However, D8 not only significantly stimulated the proliferation of intestinal epithelial with PCNA staining under physiological status, but also improved the proliferation status reduced by DSS treatment to accelerate the recovery process (Fig. 3e,g ).
The reduced colon length and pathological changes were consistent with the increased protein expression of proinflammatory cytokines IL-1β and TNF-α. The protein expression levels of TNF-α and IL-1β in mice treated with both DSS and D8 were significantly reduced compared with the DSS-treated group (Fig. 3h) .
D8 increases the number of Paneth cells and stimulates ISCs regeneration after damage
ISCs are critical for damage-induced intestinal regeneration. In this study, we evaluated the number of red fluorescencelabeled Lgr5-positive cells in the crypt. We observed a higher percentage of Lgr5-positive cells in D8-treated intestinal organoids cultured with LPLs compared to untreated intestinal organoids cultured with LPLs alone. Upon being damaged by TNF-α, D8 significantly increased the number of Lgr5-positive cells compared to the TNF-α group (Fig. 4a) . The stimulatory effect of D8 on ISCs was further verified by the protein expression of Lgr5 (Fig. 4b ) and mRNA expression of ISC markers (Lgr5, Olfm4, and Ascl2) (Fig. 4c) . The stimulatory effect of D8 on Lgr5-positive cells in intestinal organoids was further verified in mice. D8 increased the number of Lgr5-postive cells and ameliorated the decrease caused by DSS in jejunum (Fig. 4d) .
Paneth cells could modulate the proliferation and differentiation of ISCs through secretion of EGF, delta-like 1/ 4, and Wnt-3 [32] . In this study, we found that D8 significantly increased the number of lysozyme-positive cells compared to the control group both in organoids and jejunum (Fig. 4e,g ). However, TNF-α treatment significantly reduced the number of lysozyme-positive cells compared to the control group and mRNA expression levels of Paneth cell markers (Lyz1 and Defa6) (Fig. 4f) . D8 ameliorated the decrease of lysozyme-positive cells caused by TNF-α in organoids or DSS in mice (Fig. 4e,g ).
D8 up-regulates IL-22 expression ex vivo and in vivo
IL-22 promoted ISC-mediated epithelial regeneration [29] . In this study, when co-cultured with LPLs, Lactobacillus D8 could significantly stimulate the secretion of IL-22 compared to control group, which could explain the protective effect of Lactobacillus on intestinal epithelia (Fig. 5a ). Without LPLs in the cultural model, L. reuteri D8 alone could not induce the secretion of IL-22 (Sup. Fig. 3c ). However, D8 alone could induce the LPLs to secret IL-22 without organoids (Sup. Fig. 3d ). Interestingly, TNF-α treatment also increased IL-22 production, which may be attributed to the initiation of the self-repair system under intestinal damage. However, D8 further enhanced the efficiency of repair system by increasing IL-22 production (Fig. 5a) . Moreover, the growth stimulation effects of D8 and IL-22 on intestinal organoids, including surface area, budding, and proliferation, could be inhibited by addition of 
treated with TNF-α (60 ng/ml) or D8 (1 × 10 4 CFU per well). The expression of IL-22 in the four groups was detected using an ELISA kit; n = 6 well per group. b Size of organoids treated with/without D8 (10 4 CFU per well), IL-22 (5 ng/ml) or anti-IL-22 (0.1 μg/ml) for 24 h; n = 50 organoids per group; organoids number and budding organoids percentage of total organoids per well; n = 6 wells per group. Scale bars, 200 μm. c Organoids were stained with EdU (red). Nuclei were stained with DAPI (blue). EdU-positive cells were most distributed in the transit-amplifying region with obvious differences among the five groups; n = 30 organoids per group. Scale bar, 50 μm. d After the organoids were treated, the morphologies of the organoids with different treatments were assessed by light microscopy. The relative number of organoids with altered morphology was counted; n = 50 organoids per group. Scale bars, 200 μm. e Organoids were treated with HK-D8 or Lactobacillus ATCC 4356 (10 4 CFU per well) for 24 h. The expressions of IL-22 were detected using an ELISA kit; n = 6 well per group. f Organoids were treated with teichoic acid, exopolysaccharides, peptidoglycan (0.1, 1, 10 mM) for 24 h. The expression of IL-22 was detected using an ELISA kit; n = 6 well per group. g, Organoids were treated with acetate, propionate, butyrate, lactic acid, and indol-3-aldehyde (0.1, 1, 10 mM). The expression of IL-22 was detected using an ELISA kit; n = 6 well per group. h Organoids were cultured with/without D8 (1 × 10 4 CFU per well) or indole-3-aldehyde (1 mM) and treated with/without AHR inhibitor CH-223191 (1 mM). i Mice were treated with PBS, D8, DSS or DSS + D8. The expression of IL-22 in the four different groups was detected using an ELISA kit; n = 6 mice per group. Data are the mean ± SD; comparisons performed with ttests (two groups) or analysis of variance (ANOVA) (multiple groups). *P < 0.05, **P < 0.01, ***P < 0.001. At least three independent experiments were performed anti-IL-22 (Fig. 5b,c) . The protection effect of D8 on the morphology of intestinal organoids damaged by TNF-α was also inhibited by the addition of anti-IL-22 (Fig. 5d) . Combined with above results, we found that D8 stimulated LPLs to secret IL-22 and proliferation of intestinal epithelial, thus facilitating efficient recovery under TNF-α treatment.
However, HK-D8 and L. acidophilus ATCC 4356, as well as several microbe associated molecular patterns (MAMPs), such as peptidoglycan, teichoic acids, polysaccharides, at different concentrations (0.1, 1, 10 mM), could not significantly up-regulate IL-22 expression in the co-cultured model (Fig. 5e,f) . Similar results were also detected for metabolites of gut microbiota such as acetate, propionate, butyrate, and lactic acid at different concentrations (0.1, 1, 10 mM). Whereas indol-3-aldehyde, the tryptophan metabolism by L. reuteri, that contributes to activate AhR, up-regulated IL-22 expression at different concentrations (0.1, 1, 10 mM) in the co-cultured model (Fig. 5g) . Furthermore, the IL-22 induction effect of D8 or indole-3-aldehyde was inhibited by the addition of AhR inhibitor CH-223191 (Fig. 5h) . Considering the indole-3-aldehyde is the metabolite of L. reuteri D8, which further confirmed D8 activated AhR to induce the induction of IL-22. The stimulatory effect of D8 on IL-22 secretion was also verified in vivo. D8 increased IL-22 production both in jejunum and colon compared to control group. Furthermore, D8 enhanced IL-22 production under DSS treatment (Fig. 5i) .
D8 activates the pSTAT3 signaling pathway through the secretion of IL-22
The secretion of IL-22 by LPLs stimulated with D8 to protect the intestinal epithelial barrier was also verified by treating organoids with anti-IL-22. D8 treatment stimulated the budding of intestinal organoids with increased pSTAT3-positive cells, which were shown in red fluorescence. A similar phenomenon was observed upon the addition of IL-22 to the culture medium. However, the addition of anti-IL-22 inhibited the stimulatory effect of D8 on organoids (Fig. 6a) . The immunofluorescence results were further verified by Western blot (Fig. 6b) , which showed that D8 stimulated the secretion of IL-22 to drive phosphorylation of STAT3 in intestinal organoids.
RT-qPCR was performed to detect the expression of Reg3b and Reg3g in the organoids. As expected, D8 treatment increased the relative mRNA expression of Reg3b and Reg3g compared with control group. Moreover, D8 enhanced Reg3b and Reg3g expression under pathological status compared to TNF-α-induced damage to organoids (Fig. 6c) . The increased expressions of Reg3b and Reg3g was also verified in the jejunum and colon of mice (Fig. 6d) . 10 4 CFU per well) or TNF-α (60 ng/ml) for 24 h; n = 6 wells per group. d The relative mRNA expression of Reg3b and Reg3g in the jejunum and the colon treated with/without D8 and with/without DSS, n = 6 mice per group. Data are the mean ± SD. The comparisons were performed with t-tests or analysis of variance (ANOVA). *P < 0.05, **P < 0.01, ***P < 0.001. At least three independent experiments were performed Discussion Probiotics are live microbial food supplements or components of bacteria that have been shown to exert beneficial effects on human health [33] [34] [35] . Lactobacillus has been widely used in clinical studies and in dairy foods for the prevention and treatment of various gastrointestinal infections and inflammatory conditions, as it protects the integrity of intestinal mucosa [36, 37] . According to previous papers, L. reuteri has the ability to active the AhR and induce LPLs to secret IL-22 [38, 39] . Intestinal epithelial proliferation and replacement are critical for maintaining the intestinal mucosa structure [40] . However, little is known regarding the effect of Lactobacillus on ISCs. Previous published studies have also demonstrated that ILC3 of LPLs could produce IL-22 [2, 29] . In this study, we first established the intestinal organoids and LPLs co-cultured model, and found that LPLs secreted IL-22 at low level to stimulate the organoids growth and epithelial proliferation. We further demonstrated that L. reuteri D8 stimulated the growth of intestinal organoids, with increased surface areas and organoid budding, and protected organoid morphology under TNF-α treatment. This protective effect of D8 against TNF-α is consistent with the increased proliferation of cells in organoids observed via EdU staining. However, HK-D8 could not protect the normal morphology and proliferation of organoids from TNF-α damage. This is the first study to explain the protective effect of Lactobacillus on intestinal epithelia by facilitating the proliferation of ISCs.
The epithelial barrier limits interactions between luminal contents such as the intestinal microbiota, preventing intestinal inflammation [41] . A previous study demonstrated that, after treatment with DSS, the proinflammatory cytokine TNF-α in the intestine was significantly increased [42] . We orally administered mice with DSS to verify the protective effect of D8 in intestinal organoids treated with TNF-α. DSS treatment significantly increased TNF-α and IL-1β, which was ameliorated by D8 in this study. The reduced body weight and colon length were also mitigated by D8, as well as the pathological changes in the jejunum and colon of mice. The transit-amplifying cells located in the crypt are the main impetus to replacing damaged epithelia. Furthermore, D8 increased the crypt depth in physiological conditions and pathological status under DSS treatment, indicating the stimulatory effect of D8 on progenitor cells. This phenomenon is consistent with the increased proliferation of intestinal epithelial in jejunum and colon stained with PCNA. Moreover, the pathological improvement could also be explained by the control of TNF-α and IL-1β secretion. Lgr5 + (a marker for ISCs) ISCs can generate all epithelial cell types of mature intestinal epithelium [22, 23, 43] . Paneth cells protect the epithelial barrier with antimicrobial molecule secretion and maintain the epithelium by providing an epithelial niche for ISCs [32, 44] . Here, we found that D8 increased the protein expression of Lgr5 and the number of Lgr5 + positive cells in the intestinal organoids under TNF-α damage, which was also further verified by the increased mRNA expression of ISCs markers (Lgr5, Olfm4, and Ascl2). This phenomenon further confirmed our hypothesis that Lactobacillus can stimulate the proliferation of epithelial to protect the integrity of the intestinal mucosa. The increased proliferation of ISCs by D8 was also supported by the enhanced number of Paneth cells, which can secret EGF, TGF-α, Wnt3, and the Notch ligand Dll4 for the maintenance of ISCs [32] . Moreover, higher mRNA expression levels of Lyz1 and Defa6 were also detected. The capacity of stem cells to survive is linked to their ability to repair damage and induce proliferation in tissue.
Previous reports have demonstrated that IL-22 maintained gut epithelial integrity [45, 46] . A recent study showed that IL-22 was important for augmenting ISCmediated epithelial regeneration and epithelial proliferation [29, 47] . In this study, we demonstrated that D8 increased the secretion of IL-22 under TNF-α treatment to accelerate ISC-mediated epithelial regeneration. The induction of IL-22 by L. reuteri D8 was attributed to the activation of AhR, which was further confirmed by the treatment with indol-3-aldehyde and AhR inhibitor. However, HK-D8, L. acidophilus ATCC 4356, several MAMPs (peptidoglycan, teichoic acids, polysaccharides) and microbiota metabolites (acetate, propionate, butyrate and lactic acid) could not significantly stimulate the secretion of IL-22. These results indicated that the protective effect of intestinal epithelial by Lactobacillus is strain specificity. We also found that IL-22 was increased in mice administrated with D8 in vivo. The combination of increased Lgr5 + cells and Paneth cells, and the accelerated proliferation ratio could explain the stimulatory effect of D8 on ISCs to protect epithelial. This explanation was further confirmed by the addition of anti-IL-22, which resulted in an enhanced number of disrupted organoids. We also found that D8 stimulated phosphorylation of the STAT3 signaling pathway, which could be inhibited by the addition of anti-IL-22. STAT3 activation by IL-22 is consistent with the result of previous report [29] . Moreover, IL-22-mediated STAT3 activation could further stimulate proliferation of the crypt. Increased expression of antimicrobial peptides (AMPs) Reg3β and Reg3γ were also detected, which could restrict bacterial colonization of mucosal surfaces and reduce bacterial translocation to protect mucosa [48] .
In summary, this is the first report to identify a mechanism by which Lactobacillus increases intestinal epithelial proliferation and reduces the intestinal damage caused by TNF-α treatment. Moreover, we demonstrate that D8 stimulates LPLs to secret IL-22 through AhR and then activates phosphorylation of STAT3 to accelerate ISCs regeneration and, thus, recovery of intestinal epithelial structure under TNF-α treatment (Fig. 7) .
Materials and methods
Animals and bacteria strains C57BL/6 mice (4 weeks old, specific-pathogen-free [SPF]) were purchased from the Animal Research Centre of Yangzhou University. All the animal studies were approved by the Institutional Animal Care and Use Committee (IACUC) of Nanjing Agricultural University, and the National Institutes of Health guidelines for the performance of animal experiments were followed. The L. reuteri D8 strain was isolated from pig intestinal lumen and further confirmed as L. reuteri strain through 16s RNA sequencing (GenBank: MF850249), which are tetracycline resistance. Lactobacillus acidophilus ATCC 4356 was purchased from the China Committee for Culture Collection of Microorganisms. All Lactobacillus strains were grown in MRS ager medium at 37°C.
Crypt isolation and intestinal organoid culture
Intestinal organoids were obtained from intestines of 4-week-old C57BL/6 mice, as previously described [23, 24] . Briefly, pieces of intestine were dissected and washed with phosphate-buffered saline (PBS) and then chopped into pieces. After thorough washing in PBS, the pieces were incubated in 2 mM EDTA for 30 min at 4°C on a rocking platform. The mixture was passed through a 70 μm cell strainer, and crypt fractions were isolated and purified through centrifugation. Then the crypt fractions, mixed with 50 μl of Matrigel (BD Bioscience/Corning), were plated in 24-well plates in Advanced DMEM/F12 supplemented with penicillin-streptomycin, 10 mM HEPES, 2 mM glutamine, N2, B27 (all from Gibco, Life Technologies), and EGF (50 ng/ml, Peprotech) and Noggin (100 ng/ml, Peprotech).
The detailed methods of organoids passage and counting are listed as follows. Firstly, place tissue culture plate on ice to thaw Matrigel and then aspirate media, and add 1 ml of cold PBS to each well. Pipette up and down until no solid Matrigel chunks remain. Spin down for 4 min at 900 rpm at 4°C and remove PBS. Resuspend in 50 μl Matrigel/well and allow Matrigel to polymerize, then overlay each well with 650 μl culture medium. The number of organoids were counted with cell counting chamber under light microscopy.
Establishing co-cultured system containing LPLs and intestinal organoids
For co-cultured experiments, LPLs were isolated from lamina propria of the small intestine. First, small intestine were cut lengthwise and washed with PBS, and incubated in EDTA/IEL solution (5% FBS, 1% penicillin/streptomycin, 10 mM HEPES buffer, 1% L-glutamine, 1 mM EDTA, all from Gibco, Life Technologies) for 30 min. Then shake the small intestine samples for 2 min by hand and discard the supernatant. The intestine were then treated with collagenase solution (RPMI1640, 1% glutamine, 10 mM HEPES, 1% penicillin/streptomycin, 5% FBS, 1 mg/ml collagenase D and 1 U/ml DNase I, all from Gibco, Life Technologies) incubated for 30 min in a 37°C shaker. Afterwards, the supernatant was filtered with 40 μm cell strainer. Afterwards, the filtrate were centrifuged at 2000 rpm for 5 min and washed with RPMI solution without enzymes. Then the cell suspension was centrifuged and discarded the supernatant. The cell was resuspended with 40% Percoll solution (in PBS) and was overlaid with an 80% Percoll solution. After spinning, the interface containing the LPLs were aspirated and washed in medium.
LPLs were stained with Fixable Viability Dye efluor 660 (1:100, 65-0864-14, eBioscience) or fluorescent mAbs specific for mouse FITC-CD45 (1:100, 110452, eBioscience), APC-CD3 (1:100, 17A2, BD Biosciences), APC-CD11c (1:100, N418, BD Biosciences), PerCP-cy5.5-CD127 (1:100, 45-1278-42, eBioscience) and at 4°C for 30 min. After washing three times with PBS, the cells were phenotypically analyzed by FACS (BD FACSCalibur). For nuclear staining, Foxp3/transcription factor staining buffer (1:100, A24261, eBioscience) set was used in combination with PE-RORγt (1:100, 12-6981, eBioscience).
Then the isolated LPLs were cultured with intestinal organoids at ratio of 7:1 in Matrigel. L. reuteri D8, HK-D8, L. acidophilus ATCC 4356 (10 4 CFU/well) and murine TNF-α (60 ng/ml, Peprotech), acetate, propionate, butyrate, lactic acid, indlo-3-aldehyde, teichoic acid, expolysacchairdes, peptidoglycan (0.1, 1, 10 mM, Sigma) were added independently or simultaneously to the culture medium for 24 h. Murine IL-22 (5 ng/ml, Peprotech), anti-IL-22 neutralizing antibody (0.1 μg/ml, AF582, RD) and AhR inhibitor CH-223191 (1 mM, C8124, Sigma) were also used to treat organoids for 24 h.
Intestinal organoids measurement
If all organoids in a well could not be measured, several random non-overlapping pictures were acquired from each well using a Zeiss 710 Laser Scanning confocal microscope. Organoid perimeters for area measurements have been defined manually and by automated determination using the Analyze Particle function of ImageJ software. The sizes of the largest and smallest organoids in the reference well were measured manually, and their areas were used as the reference values for setting the minimal and maximal particle sizes. Organoids touching the edge of the images were excluded from the counting. After in culture, total organoid numbers and budding organoid numbers per well were counted by light microscopy to evaluate growth efficiency. All organoid numbers were counted manually.
EdU staining
Cell proliferation was assessed by Cell-Light EdU DNA cell proliferation kit (C103102, RiboBio), according to the manufacturer's instructions. In brief, intestinal organoids were exposed to 25 mM of EdU for 2 h at 37°C, and then the organoids were fixed in 4% paraformaldehyde. After permeabilization with 0.5% Triton X-100, the cells were reacted with 1 × Apollo reaction cocktail (RiboBio) for 30 min. Subsequently, the DNA contents of the cells were stained with DAPI for 30 min and visualized under a Zeiss 710 Laser Scanning confocal microscope. The numbers of EdU + cells in per organoids were analyzed by imageJ software.
Quantitative RT-PCR
Organoids were harvested after treatment, and total RNA was extracted from the organoids using RNAiso Plus (Takara). Reverse transcription of the RNA was performed with the primers listed in Table 1 . Two microliters of template RNA was reacted with TagMan PCR Master Mix for a final volume of 20 µl (Takara). The thermal cycling conditions were 5 min at 95°C, followed by 40 cycles of 15 s at 95°C and 34 s at 60°C using an Applied Biosystems 7500 real-time PCR system. 
Cytokines detection
The organoids were treated, and then the culture medium was obtained and stored at −20°C until use for cytokine analysis. Small intestine and colon were collected from euthanized mice, and organs were then homogenized and spun down. The supernatant was stored at −20°C until use for cytokine analysis. Murine IL-22 (BMS6022, eBioscience), IL-1β (EK0394, Boster) and TNF-α (EK0527, Boster) were measured using an ELISA kit according to the manufacturer's instructions.
Mouse experiments
Four-week-old mice were orally administrated with PBS (200 μL) or L. reuteri D8 (10 8 CFU) suspended in 200 μL PBS once a day, for a period of 27 days. In 21 days, colitis was induced by administering 5% (w/v) DSS (MP Biomedicals) in drinking water for continuous 7 days, followed by normal water for two days. In 29 days, mice were sacrificed and subsequent experiments were performed. The detailed methods were listed in Fig. 3b . The body weights of the mice were recorded. The mice were sacrificed after different treatments, and then their colons were removed and the colon length was measured. Jejunal and colonic tissues were fixed with 4% paraformaldehyde, embedded in paraffin wax, sliced, and stained with hematoxylin and eosin (HE). The villus height and crypt depth of the jejunum was then measured by image J software. Histological pathology was detected under light microscopy. The concentrations of IL-22 (BMS6022, eBioscience), IL-1β (EK0394, Boster) and TNF-α (EK0527, Boster) were measured using an ELISA kit. The mRNA expression of Reg3b and Reg3g in the intestine were detected by quantitative RT-PCR.
In order to verify the colonization of L. reuteri D8 in the intestine, mice were orally administrated with PBS (200 μL) or 10 8 CFU L. reuteri D8 suspended in 200 μL PBS only once. Freshly mice feces at indicated time points (0, 4, 8, 16, 24, 48, 72, 96 , and 168 h) were collected and added with 2 ml PBS, and then were cultured on MRS plates containing 500 μg/ml tetracycline at 37°C for 16 h to count the bacterial colony. Moreover, D8 was stained with BacLight™ Bacterial Green Stains (B-35000, Molecular Probes), according to manufacturer's instructions. In brief, 10 8 CFU L. reuteri D8 and 100 µM working solution of the BacLight bacterial stain dissolved in DMSO were incubated for 15 min at room temperature. The D8 samples were washed with PBS to remove excess dye. Mice were administrated with PBS (200 μL) or 10 8 CFU L. reuteri D8 labeled by BacLight™ Bacterial Green Stains suspended in 200 μL PBS only once to detect the bacterial colonization. After 16 h, a 2-cm section of jejunum and colon were collected from mouse, frozen immediately with liquid nitrogen, OCT embedded, and sectioned at 8 μm and rinsed in HBSS, then the samples were examined with a Zeiss 710 Laser Scanning confocal microscope.
Immunofluorescence assay
A 2-cm section of jejunum and colon were collected from each mouse in different groups, fixed overnight in 4% paraformaldehyde, optimal cutting temperature compound (OCT compound) embedded, and sectioned at 8 μm and rinsed in HBSS, then permeabilized with 0.5% Triton X-100 for 20 min, followed by washing three times with HBSS and incubating for 1 h in 3% BSA in HBSS to reduce nonspecific background. For PCNA staining, jejunum and colon sections were permeabilized and incubated with antimouse PCNA antibody 
Statistical analysis
Results were expressed as means ± SD. One-way ANOVA was employed to determine statistical differences among multiple groups, and t-test was employed to determine the same between two groups.*P < 0.05, **P < 0.01, ***P < 0.001. Data combined from at least three independent experiments unless otherwise stated.
